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SUMMARY 
Historical  records  and  data  obtained  during  the  Superflux  experiments  are 
used  to  describe  the  temporal  and  spatial  variations  of  the  effluent  waters  of 
Chesapeake  Bay.  The  alongshore  extent of the  plume  resulting  from  variations 
of freshyater  discharge  into  the  Bay  and  the  effects  of  wind  are  illustrated. 
Variations  of  the  cross-sectional  configuration  of  the  plume  over  portions  of 
a  tidal  cycle  and  results  of  a  rapid-underway  water  sampling  system  are  dis- 
cussed. 
INTRODUCTION 
Waters  from  Chesapeake  Bay  exit  at  the  Virginia  Capes  and  usually  extend 
towards  the  south  as  a  near-surface  feature.  Bay  waters  in  the  contiguous 
area of the  conticental  shelf  can  be  identified  by  a  number  of  characteristics 
which  are  discussed  in  most  of  the  contributions  to  this  volume.  Discussions 
in  these  companion  papers  refer  to  turbidity  plumes,  nutrient  plumes,  phyto- 
plankton or chlorophyll  plumes,  freshened-water  plumes,  and  others.  Although 
they  may  be  treated  as  separate  features,  each  of  these  plumes  represents  Bay 
water  as  identified  by  the  observed  constituent.  Inconsistencies  in  the  shape 
or  location of these  plumes  in  shelf  waters  result  from  two  factors, (1) the 
time  scale  over  which  individual  sets of observations  were  made,  and (2) the 
non-homogeneous  character  of  the  Bay  effluent. 
This  paper  examines  the  shape  of  the  Bay  plume  as  determined  by  vertical 
measurements of salinity  under  varying  Bay  discharges  of  fresh  water  and  over 
time  scales  ranging  from  half  a  tidal  cycle ( 6 . 2  hr)  to  several  days.  Results 
of salinity  measurements  made  during  the  Superflux  experiments  and  a  rapid 
method of obtaining  surface  truth  data  are  also  presented  and  discussed. 
CONFIGURATION  OF  BAY  WATER  ALONG  THE  COAST 
Theoretical  Basis 
Movement  of  water  through  the  mouth  of  Chesapeake  Bay  is  dominated  by  tidal 
oscillations  and  strongly  influenced by winds  and  the  history  of  freshwater  dis- 
charge  into  the  Bay  through  its  tributaries.  In  general,  over  a  series  of  tidal 
cycles  and  as  a  result  of  estuarine  circulation,  freshened  Bay  water  exits  at 
the  surface  on  the  southern  side  of  the  Bay  mouth  (Cape  Henry),  is  deflected  to 
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t h e  r i g h t  by t h e  E a r t h ' s  r o t a t i o n  and t h e  g e n e r a l  c i r c u l a t i o n  o f  s h e l f  waters 
( r e f s .  1 and 2 ) ,  and then proceeds towards the south as p a r t  o f  t h e  g e n e r a l  s h e l f  
c i r c u l a t i o n .  E s t u a r i n e - t y p e  c i r c u l a t i o n  of  Chesapeake Bay r e s u l t s  i n  movement 
of s h e l f  waters i n t o  t h e  Bay predominant ly  a long  the  bot tom in  deeper  channels  
and  on t h e  n o r t h e r n  (Cape Char l e s )  s ide  ove r  t he  mul t i - t i da l  time frame. 
D u r i n g  a n  i n d i v i d u a l  t i d a l  c y c l e ,  f l o o d i n g  and  ebbing  occur  over  the  en t i re  
c ross -sec t ion  of  the  Bay mouth;  however ,  phase differences and var ia t ions in  
t h e  s t r e n g t h  and d u r a t i o n  o f  f l o o d  a n d  e b b  c u r r e n t s  r e s u l t  i n  t h e  g e n e r a l  non- 
t i d a l  water movements described above. The s t r e n g t h  and d u r a t i o n  of n o n t i d a l  
c u r r e n t s  and the  depress ion  of  Bay water s a l i n i t i e s  are a f f e c t e d  by t h e  r e c e n t  
(one- t o  two-month) h i s t o r y  o f  f r e shwa te r  add i t ion  to  the  Bay. Hence, bo th   the  
s a l i n i t y  and alongshore extent  of  the Bay plume can be expected to  change season-  
a l l y  w i t h  f l u c t u a t i o n s  i n  r u n o f f .  The g e n e r a l  p o s i t i o n  of t he  Bay plume is sub- 
j ec t  t o  c h a n g e  i n  r e s p o n s e  t o  wind c o n d i t i o n s .  I n  p a r t i c u l a r ,  w i n d s  from t h e  
sou the rn  sec to r  w i l l  t end  to  impar t  an  of fshore  (eas tward)  component t o  t h e  
plume as a r e s u l t  o f  Ekman c i r c u l a t i o n  ( r e f .  3 ) .  
During the simmer of 1962, Harrison e t  a l .  ( r e f .  4 )  measured  cu r ren t s  i n  the  
v i c i n i t y  o f  Cape Henry  and Vi rg in i a  Beach, V i rg in i a .  They i n f e r r e d  from t h e i r  
d a t a  t h a t  n o n t i d a l  s u r f a c e  c u r r e n t s  i n  t h i s  r e g i o n  r e s u l t  i n  a n  a n t i - c y c l o n i c  
eddy located between Cape Henry  and  Rudee I n l e t  (36056'  N t o  36O50' N) cen tered  
approximately 3 km from the beach,  as shown i n  f i g u r e  l ( a > .  T h i s  eddy  could 
r e s u l t  from flood and ebb current patterns shown i n  f i g u r e s  l ( b )  and l ( c )  where 
ebb ing  ( eas t e r ly  and sou the r ly )  cu r ren t s  are s t r o n g e s t  a t  Cape  Henry  and some 
d is tance  seaward  of  Vi rg in ia  Beach  and f lood ing  (no r the r ly )  cu r ren t s  sou th  of 
t h e  Bay mouth are s t r o n g e s t  c l o s e  t o  s h o r e  ( r e f .  5 ) .  Hydraulic  model tests 
( r e f .  6 )  and f i e l d  s t u d i e s  i n d i c a t e  a su r face - to -bo t tom phase  d i f f e rence  in  
c u r r e n t s  a t  t h e  Bay mouth w i t h  more sa l ine  bot tom water f rom the  con t inen ta l  
s h e l f  s t a r t i n g  t o  f l o o d  b e f o r e  f r e s h e r  s u r f a c e  water and s u r f a c e  water ebbing 
occur ing  pr ior  to  ebbing  of  bo t tom water. 
Based on these  cons idera t ions ,  the  e f f luent  f rom Chesapeake  Bay should 
a p p e a r ,  i n  s h e l f  waters, as a l e n s  of f reshened water (wi th  h igh  concent ra t ions  
of Bay water cons t i t uen t s )  ex tend ing  o f f shore  and towards the south a t  the  end 
of  an  ebbing  t ide.   Half a t i d a l  c y c l e  l a te r  t h i s  e f f l u e n t  plume should show a 
p a r t i a l  r e t r a c t i o n  ( b a c k  i n t o  t h e  Bay) of i t s  nor the rnmos t  po r t ion ,  w i th  d i lu -  
t i o n  and s o u t h e r l y  t r a n s p o r t  of the  southernmost   port ion.   Previous  extensions 
of t h e  plume might  be  ident i f iab le  a long  the  coas t  towards  the  south  as they  
move w i t h  t h e  g e n e r a l  s h e l f  c i r c u l a t i o n ,  b u t  t h e y  would b e  d i l u t e d  by mixing 
with  ambient   shelf  water ( r e f .  7 ) .  The combined e f f e c t s  of  wind  and runoff  
would resu l t  in  of fshore  d isp lacement  coupled  wi th  hor izonta l  widening  and  
v e r t i c a l  t h i n n i n g  of t h e  plume i n  r e s p o n s e  t o  w i n d s  w i t h  a component  from the  
south,  onshore displacement  coupled with horizontal  narrowing and v e r t i c a l  
t h i cken ing  in  r e sponse  to  winds  wi th  a component  from t h e  n o r t h ,  and f r e s h e r  
water (wi th  h ighe r  concen t r a t ions  of Bay cons t i t uen t s )  ex tend ing  fu r the r  sou th  
i n  r e s p o n s e  t o  i n c r e a s e d  river f low.  T ida l  va r i a t ions  and  f reshwater   discharge 
e f f e c t s  on the  Bay e f f l u e n t  are evident from sets of da t a  t aken  nea r  t he  mouth 
of Chesapeake Bay and i n  c o n t i g u o u s  s h e l f  waters. 
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His tor ica l  Evidence  
Seve ra l  da t a  sets (ava i l ab le  f rom the  VIMS da ta  a rch ives)  can  be  used  to  
d e s c r i b e  t h e  i n f l u e n c e  o f  t i d e s  and river flow on t h e  Bay plume. On  May 9 and 
10, 1 9 7 3  t h e  V i r g i n i a  I n s t i t u t e  of Marine Science (VIMS) of  the College of  
Wiliam and Mary and t h e  Chesapeake Bay I n s t i t u t e  (CBI) of the Johns Hopkins 
Universi ty  conducted a j o i n t  c r u i s e  w h i c h  o c c u p i e d  s t a t i o n s  i n  t h e  t r i a n g u l a r  
area between  Cape  Charles,  Cape  Henry,  and  the  Chesapeake  Light Tower. S t a t i o n s  
were 1.8 km (1 n .  mi . )  apa r t  ( f ig .  2 (a ) )  and were each occupied twice t o  c o i n -  
c i d e  as c l o s e l y  as p o s s i b l e  w i t h  f l o o d i n g  and  ebbing  t ides .  Resul t s  of  sa l in i ty  
measurements a t  t h e s e  s t a t i o n s  d u r i n g  f l o o d  and  ebb are shown i n  f i g u r e s  2 ( b )  
and 2 ( c ) ,   r e s p e c t i v e l y .   R e l a t i o n s h i p s   b e t w e e n   p r e d i c t e d   t i d a l   c u r r e n t s  (at 
36O58.8' N ,  76'00.4' W) and ship arrival a t  l o c a t i o n s  A, B ,  and C are shown t o  
t h e  l e f t  of each  f igu re .  It is ev iden t  f rom f igu re  2 (b )  t ha t  a f l o o d i n g  t i d e  
compressed the  co re  o f  t he  Bay plume towards the Virginia Beach/Cape Henry 
r eg ion  ( loca t ion  C) ,  and  lower  sa l in i ty  water ( l e s s  t h a n  26 O/OO)  extended as a 
veneer less than 5 m th ick  one- th i rd  of  the  way ac ross  the  Bay mouth.  During 
t h e  e b b i n g  t i d e  ( f i g .  2 ( c ) )  t h e  plume l e f t  Cape Henry  and  extended  towards  the 
south .  It  w a s  centered approximately 10 km from  the  beach  and  remained i n  t h e  
upper 5 m of t h e  water column.  This  response  of  the plume t o  t i d a l  f o r c i n g  
a g r e e s  w i t h  t h e  h y p o t h e t i c a l  c i r c u l a t i o n  p a t t e r n s  shown i n  f i g u r e s  l ( b )  and 
l ( c ) .  Winds on May 10,  1973  averaged  3.8  m/sec  (7.5  kt)  from  the  north-north- 
east and appear to have had l i t t l e  e f f e c t  on the plume. 
Three  o ther  da ta  sets provide information for  comparisons of  the Bay plume 
unde r  d i f f e r ing  cond i t ions  of  freshwater  inflow. Data from a temperature/  
s a l i n i t y  s u r v e y  of s h e l f  waters i n  March of 1967 show a h igh  concen t r a t ion  of 
Bay water moving as a plume p a r a l l e l  t o  t h e  V i r g i n i a  c o a s t  a p p r o x i m a t e l y  1 5  km 
o f f shore  as i n d i c a t e d   i n   f i g u r e  3 .   S ta t ions  a through h w e r e  occupied   in  
a lphabe t i ca l  o rde r  du r ing  a s ix-hour  per iod covering the las t  p a r t  of ebb and 
t h e   f i r s t   p a r t  of t h e   f l o o d i n g   t i d e  on March 18 .   S t a t ions  i through m were 
occupied a day la ter  dur ing  similar po r t ions  of t h e  t i d a l  c y c l e .  Bay water i n  
the  she l f  r eg ion  is  ind ica t ed  by enve lopes  r ep resen t ing  f r ac t ions  of Bay water 
based on s a l i n i t y  measurements according to: 
S s  - Sm 
ss - 'b f =  
where Ss is  t h e   s a l i n i t y   o f   s h e l f  water, sb  is  t h e   s a l i n i t y   o f  Bay water, 
and Sm i s  the   measu red   s a l in i ty .  The quan t i ty  Ss represented  the  ambient  
bo t tom sa l in i ty  30  km east of  the  Bay mouth (32.5 '/oo), whi le  sb  w a s  t h e  
l o w e s t  s u r f a c e  s a l i n i t y  a t  t h e  Bay mouth (25.5 O/oo). 
Average d a i l y  d i s c h a r g e s  of f r e s h  water i n t o  Chesapeake Bay fo r  J anua ry ,  
February, and March  1967 were on the order of 1.3,  1.2,  and 3.5 X lo3  m3/sec and 
represented between 50 and 78% of the  average  f lows  for  these  months  for  the  
period from 1929 t o  1966 (2.3, 2.8, and 4.3 X lo3 m3/sec r e s p e c t i v e l y )  ( r e f  8) 
Sur face  winds  dur ing  the  sampl ing  per iod  s ta r ted  a t  0.8 m/sec (1 .5  k t )  f rom the  
north on March 18, increased  and veered  to  b low f rom' the  south-southeas t  a t  
7.5 m/sec (15 k t )  t h e  n i g h t  of  March  18-19,  and  moderated s l i g h t l y  t o  6 m/sec 
(12.5  kt)   f rom  the  south-southeast   the   fol lowing  night .  Bay water configura-  
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tions  shown in figure 3 are  therefore a first  approximation  of  the  three-dimen- 
sional  shape  of  the  plume  under  conditions  of  below-average  spring  discharge 
and  an  ebbing  tide  but  widely  varying  wind  conditions.  Stations a through 
h show  the  base  of  the  plume  (a-b)  with a submerged  parcel  of  mostly  shelf 
water  off  Cape  Henry  (at  b)  and a thick  parcel  of  mostly  (>50%)  Bay  water  off 
Rudee  Inlet  (at d). The  latter  may  represent  the  most  southerly  extension  of 
Bay  water  on  this  particular  ebbing  tide.  Lower  concentrations  of  Bay  water 
found  at  stations e through h are  assumed  to  be  residual  from  the  previous 
tide.  The  seaward  extension of a thin  layer  of  Bay  water  sampled  at  stations 
i through m was  in  response  to  the  strong  southerly  winds.  This  offshore 
component  of  surface  waters  would  have  to  be  replaced  by  an  onshore  intrusion 
of  bottom  water, a secondary  response  to  surface  wind  stress  suggested  at  sta- 
tions i and j where  an  intrusion  of  bottom  shelf  water  was  directed  towards 
the  Bay  mouth  from  the  east-southeast.  With  these  allowances  for  the  wind  shift, 
figure 3 shows  the  general  configuration  of  the  Bay  plume  at  the  end  of  ebb 
tide  under  conditions  of a depressed  spring  discharge. 
An extreme  event  of  high  freshwater  discharge  into  Chesapeake  Bay  occurred 
as a result  of  the  passage  of  Tropical  Storm  Agnes  at  the  end  of  June  1972. 
Results  of VIMS shelf  cruises  on  July  6-8  and  August  3-4,  1972  (ref.  7)  are 
presented  as  figures 4 and 5 and  show  the  general  plume  configuration  in  response 
to  this  high  discharge.  (Tropical  Storm  Agnes  increased  discharge  into  Chesa- 
peake  Bay  from  2.1 X lo3  m3/sec  on  June 20 to  an  average of 48.1 x lo3  m3/sec 
on  June  23-24.  Previous  average  June  flows  were 1.8 X lo3  m3/sec. ) Figure 4 
shows  the  plume  fifteen  days  after  peak  discharges  into  the  Bay  (Bay  salinity, 
Sb, was  taken  to  be 18 O/oo and  shelf  salinity, S s ,  32.5 O/oo) with a higher 
concentration  of  Bay  water  extending  towards  the  south  in  the  same  general 
configuration  as  the  March 1967 plume  (fig.  3)  but  closer  to  shore.  Two  weeks 
later  (fig. 5) a much  greater  impact  of  the  Agnes  flooding  was  evident.  Patches 
of  Bay  water  were  encountered  as  far  south  as  Oregon  Inlet,  North  Carolina,  and 
the  region  normally  subjected  to  25%  Bay  water  was  covered  with 100% Bay water 
(for  fig. 5 ,  sb was  taken to be  16 O/oo and Ss remained  at  32.5 O/oo). The 
two  patches  of  60%  Bay  water  located  78  and  133 km from  the  Bay  mouth  indicate 
nontidal  shelf  currents  on  the  order of 1.5  m/sec,  assuming  they  are  residuals 
from  previous  ebb  tides.  Bay  water  concentrations  of  40%  covered  an  area  in 
excess  of  5.5 X 103 km2 and  remained  in  the  upper 10 m of  the  water  column. 
During  both  sampling  periods  (July  6-9  and  August  3-4)  winds  were  moderate 
(<4 m/sec)  from  the  northeast.  Wind  effect  on  the  plume  would  have  been  to 
confine  it  to  the  coast  and  possibly  force  it  to  be  deep  and  narrow. 
Configurations  of  the  Bay  plume  as  repeesented  by  figures 3, 4, and 5 are 
based  on  data  collected  over  2-  to  3-day  periods  and  therefore  suffer  from 
lack  of  simultaneity.  They  do,  however,  illustrate  large  variations  in  the 
extent  of  the  plume  which  result  from  extremes  in  the  addition  of  freshwater  to 
Chesapeake  Bay. 
SUPERFLUX  EXPERLMENTS 
One  of  the  objectives  of  the  Superflux  experiments  was  to  determine  the 
impact  of  effluents  from  large  estuaries  on  waters  of  the  ‘continental  shelf. 
To meet  this  objective,  the  extent  of  the  plume  from  Chesapeake  Bay  was  measured 
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using  the  best  and  most  rapid  techniques  available.  Information  from  aircraft- 
borne  state-of-the-art  remote  sensors  was  augmented  with  shipboard  surface- 
truth  measurements  and  samples.  The  procedure  allowed  the  measuring  of  surface 
features  over  a  large  area  in  a  short  time  but  provided  only  widely  spaced 
vertical  sampling  at  selected  locations  within  the  plume  and  the  adjacent  Bay 
and  shelf  areas.  As  expected,  the  remote  sensing  aspects  of  the  Superflux 
experiments  revealed  the  two-dimensional  structure  of  the  plume  with  respect  to 
salinity,  chlorophyll,  suspended  solids,  and  other  constituents  of  surface 
waters  in  much  greater  detail  than  the  traditional  sampling  used  to  estimate 
its  three-dimensional  character  as  shown  in  figures 3 ,  4, and  5.  Additionally, 
the  compressed  sampling  time  (hours  as  opposed  to  days)  provided  better  simul- 
taneity to this  synoptic  coverage  than  had  been  available  previously.  Similar 
rapid  coverage  of  only  the  plume  area  could  have  been  accomplished  in  two  to 
three  hours  using  traditional  sampling  methods;  however,  such  an  experiment 
would  have  required  seven  fast (15-kt) ships  each  equipped  with  a  fast  CTD 
(conductivity,  temperature,  and  depth  instrument)  and  underway  sampling  equip- 
ment.  It  would  have  provided  vertical  as  well  as  horizontal  measurements,  but 
ship,  personnel,.  and  equipment  requirements  would  have  been  most  difficult  to 
satisfy. 
In  an  attempt o obtain  information  on  the  cross-sectional  configuration 
of the  plume  and  on  the  horizontal  distribution  of  temperature,  salinity,  and 
chlorophyll  in  the  plume  and  adjacent  waters  using  in  situ  sensors,  VIMS  con- 
ducted  pilot  studies  between  remote  sensing  flights  during  the  Superflux  experi- 
ments.  Temperature/salinity  measurements  were  made  along  a  section  of  closely 
spaced  stations  extending  seaward  from  the  vicinity of Rudee  Inlet,  using  a 
Brown  CTD.  Between  stations,  the  CTD  was  incorporated  into  a  flow-through 
system  which  pumped  water  from  a  depth  of 1 m  and  passed  it  t.hrough  a  fluoro- 
meter to measure  chlorophyll  content.  When  the  section  was  completed  the  system 
remained  operative  while  the  research  vessel  moved  to  the  next  Superflux  sta- 
tion  to  obtain  additional  surface  truth  data.  As  the  experiments  progressed, 
two  additional  fluorometers  were  added  to  the  flow-through  system  and,  in  final 
configuration,  temperature,  salinity,  dissolved  oxygen,  two  chlorophyll  bands, 
and  nephelometry  were  measured.  All  data  were  recorded  on  both  strip  charts 
and  magnetic  tape  with  a  voice  channel  on  the  latter  for  time,  position,  and 
sample  identification  information.  The  flow-through  system  was  mounted  on  the 
research  vessel C U T .  JOHN SMITH as  shown  in  figure  6. 
Data  Collection 
Cross-plume  sections  of  closely  spaced (1 to 2 km) stations  were  occupied 
between  overflights  of  remote  sensing  instrumentation  during  all  three  Super- 
flux  experiments.  Whenever  possible,  the  flow-through  system  was  operated 
between  stations.  Cruise  tracks  and  cross-plume  section  locations  are  shown  in 
figures 7(a),  7(b),  and  7(c)  and  are  labeled  to  indicate  the  date  each  was  run. 
Sections  are  shown  as  boxed  regions  and  were  located  off  Rudee  Inlet  on  March 
19  and  June 24 and off Virginia  Beach  on  October  15-16.  An  additional  section 
was  occupied  across  the  Bay  mouth  on  October  15-16  (fig. 7(c)). The  section  of 
Rudee  Inlet  was  sampled  once  on  March  19  and  five  times  on  June 24.  Th  Bay 
mouth  and  Virginia  Beach  sections  were  each  sampled  three  times  on  October  15 
and  four  times  on  October 16 (these  data  were  collected  with  the  assistance of 
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C. S. Welch and  the  VIMS 1 9 8 0  I n t r o d u c t i o n  t o  P h y s i c a l  Oceanography c l a s s ) .  
Data on freshwater  discharge into Chesapeake Bay fo r  t he  pe r iod  f rom Janua ry  to  
October 1980 were obtained from the U.S. Geological Survey (ref.  9) and wind 
d a t a  f o r  t h e  f i v e - d a y  p e r i o d  p r i o r  t o  c r u i s e s  were obtained from Norfolk A i r -  
p o r t ,  40 km w e s t  o f  t he  s tudy  area. T i d a l  c u r r e n t  i n f o r m a t i o n  w a s  based  on NOAA 
p red ic t ions  in  T ida l  Cur ren t  Tab le s  1980  ( r e f .  10 ) .  
Resul t s  and Discuss ion  
Average s t reamflow data  for  January through October  1980 (f ig .  8)  a long 
wi th  mul t iannual  average  s t reamflow for  the  same months show tha t  f l ows  du r ing  
February  1980 (pr ior  to  Super f lux  I) were less than  ha l f  the  normal  February  
f lows,  and al though Apri l  f lows were h ighe r  than  ave rage ,  f l ows  in  June  (du r ing  
Superf lux 11)  were below average as were t h o s e  p r i o r  t o  S u p e r f l u x  I11 (August, 
September,  and  October).  Thus,  the  seaward  or  alongshore  extension  of  the Bay 
plume was probably  not  as grea t  dur ing  the  Super f lux  exper iments  as i t  would 
have  been i n  more  "normal"  years. Winds measured a t  Norfo lk  for  the  f ive-day  
pe r iods  p r io r  t o  each  sampl ing  of t h e  plume c ross - sec t ion  are shown as s t i c k  
p l o t s  i n  f i g u r e  9. 
Cross-Plume S a l i n i t y  S e c t i o n s . -  The c ross - sec t iona l  conf igu ra t ion  of t h e  
Bay plume i s  i l l u s t r a t e d  by p o s i t i o n s  of i s o h a l i n e s  as func t ions  o f  dep th  and 
d is tance  of fshore .  Dur ing  Super f lux  I, t h e  s e c t i o n  o f f  Rudee I n l e t  was occupied 
j u s t  p r i o r  t o  noon  on  March 1 9  d u r i n g  t h e  f l o o d i n g  p o r t i o n  o f  t h e  t i d a l  c y c l e  
and f i g u r e  1 0  shows t h a t  t h e  c o r e ' o f  Bay water, centered  2-3 km from the beach, 
was conf ined  to  the  upper  8 m of  the  water column (as indica ted  by  the  27 O/oo 
i s o h a l i n e ) .  From 5 t o  1 2  km of f shore ,  Bay water i s  conf ined  to  the  uppe r  3 m 
of  the  water column. This seaward extension of surface plume water may have 
been caused by winds blowing offshore just  pr ior  to  sampling.  
Th i s  gene ra l  conf igu ra t ion  of t h e  Bay plume o f f  Rudee I n l e t  ( n e a r s h o r e  . 
core  wi th  an  o f f shore  su r face  ex tens ion )  w a s  aga in  ev ident  on  June  24 ( f i g .  1 1 ) .  
T h i s  s h o r t  time series o f  s ec t ions  shows t h e  plume cqre i n i t i a l l y  1 km of f shore  
and  migrating  seaward as l o w e r  s a l i n i t i e s  r e a c h  t h e  s e c t i o n  s a m p l e d .  The o f f -  
shore  ex tens ion  of  sur face  water is  aga in  ev ident  bu t  no t  as pronounced as i n  
March,  although  winds were genera l ly  f rom the  south  pr ior  to  sampl ing .  Sampl ing  
w a s  conducted during the l a t te r  ha l f  of the  ebbing  t ide  and  the  souther ly  pro-  
g re s s ion  of Bay water is evident from the widening and deepening of t h e  area 
covered by the 23  and  25 O/oo i s o h a l i n e s .  
Resul t s  of  sa l in i ty  measurements  made a c r o s s  t h e  Bay mouth and o f f  V i r g i n i a  
Beach on October 15-16 are shown i n  f i g u r e s  1 2  and  13  (note  the  reversal of t he  
time a x i s  i n  t h e s e  f i g u r e s  when compared t o  f i g .  11). The d a s h e d  l i n e s  i n  t h e s e  
f i g u r e s  i n d i c a t e  s e c c h i  d e p t h ,  Cape  Henry is  on t h e  l e f t  i n  f i g u r e s  1 2 ( a )  and 
1 3  ( a ) ,  and V i r g i n i a  Beach is o n  t h e  l e f t  i n  f i g u r e s  1 2  ( b )  and 13 (b)  . A t  t h e  
Bay mouth, two p a r c e l s  of freshened water were evident  (of f  Cape Henry  and i n  
the  cen te red  po r t ion  o f  t he  Bay) d u r i n g  t h e  f i r s t  maximum ebb current  sampling 
on O c t o b e r  1 5  ( f i g .  1 2 ( a ) ) .  I n t r u s i o n s  o f  h i g h  s a l i n i t y  water a t  the  bottom 
and along the Cape Charles  (northern)  port ion of  the Bay mouth are evident  
du r ing  the  f lood ing  po r t ion  o f  t he  t i da l  cyc le .  Dur ing  the  fo l lowing  ebb  (1600 
t o  2100 h r  i n  f i g .  1 2 ( a ) )  t h e  s a l i n i t y  s t r u c t u ' r e  b o r e  a closer  resemblance t o  
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f looding  ra ther  than  ebbing  condi t ions ,  a s i t u a t i o n  t h a t  is c o n t r a r y  t o  what is 
expec ted  cons ide r ing  t i de  and  wind cond i t ions  (see f i g .  9 ) .  Off V i r g i n i a  Beach 
d u r i n g  t h i s  same t i m e  ( f i g .  1 2 ( b ) )  a l e n s  of freshened water w a s  ev ident  a t  t h e  
beginning of t h e  f l o o d  p o r t i o n  o f  t h e  t i d a l  c y c l e  and the seaward port ion of 
t h e  Bay plume w a s  de l inea ted  by a s t r o n g  f r o n t a l  r e g i o n  15 km of f shore .  The 
f i n a l  V i r g i n i a  Beach sect ions on October  15 show an  of fshore  migra t ion  of  the  
plume and an onshore extension and upward movement o f  h ighe r  s a l in i ty  bo t tom 
water. Bay mouth condi t ions  the  fo l lowing  day  ( f ig .  13(a) )  show a somewhat 
well-defined plume base  near  Cape  Henry;  however, l o w e s t  s u r f a c e  s a l i n i t i e s  were 
measured  dur ing  the  pred ic ted  f looding  por t ion  of  the  t ida l  cyc le .  The c o r e  
o f  h igh  sa l in i ty  bo t tom water remained within 5 km of Cape Henry bu t  showed a, 
northward migrat ion during the f looding t ide and a sou the r ly  mig ra t ion  du r ing  
ebb.  The pa rce l  o f  low s a l i n i t y  s u r f a c e  water o f f  Cape Char les  on t h e  f i r s t  
sec t ion  (approximate ly  0900 on October 16) i s  most l i k e l y  a remnant of the Bay 
plume  from t h e  p r e v i o u s  t i d e .  Winds on  October 15-16 were f rom the  south  ( f ig .  
9) and probably served to  t ransport  the Bay plume  and o t h e r  s u r f a c e  waters off- 
shore  and  to  the  no r th .  Dur ing  the  fo l lowing  f lood ing  t i de  (0900 on  October  16) 
Bay water returned from offshore and entered around Cape Charles .  Support  for  
t h i s  s u g g e s t i o n  of r e c i r c u l a t i o n  of t h e  Bay plume is  a v a i l a b l e  from s a l i n i t y  
d a t a   c o l l e c t e d   o f f   V i r g i n i a  Beach on October   16   ( f ig .   13   (b) ) .  Here, lowest  
s a l i n i t i e s  were found 15 km o f f shore  du r ing  the  s t a r t  of the f lood port ion of  
t h e  t i d a l  c y c l e  when a well-pronounced plume should  have  been  ev ident  c lose  to  
shore.  
F igures  10 t h r o u g h  1 3  t h e r e f o r e  i l l u s t r a t e  c h a n g e s  i n  t h e  c r o s s - s e c t i o n a l  
s t r u c t u r e  of t h e  Bay plume t h a t  r e s u l t  from v a r i a t i o n s  i n  f r e s h w a t e r  a d d i t i o n s  
t o  Chesapeake Bay (high springtime flows, moderate l a t e  spring flows and very 
low l a t e  summer f lows)  and l o c a l  wind cond i t ions  (wind  from the  sou the r ly  and 
n o r t h e r l y  s e c t o r s ) .  
Flow-Through System Resul t s . -  An example of t he  r a w  output from the flow- 
through sys tem ( f ig .  1 4 )  shows s u b s t a n t i a l  f i n e - s c a l e  v a r i a t i o n  i n  t h e  o u t p u t  
s i g n a l s  from the  Brown CTD (conduct iv i ty  and temperature) and two Turner  design 
fluorometers  (f luorescence  and  nephelometry).   Records of t h i s  s o r t  h a v e  been 
processed  for  the  t r iangular -shaped  cru ise  t rack  run  on  March 19,  1980 (see f ig .  
7 ( a ) )  t o  y i e l d  30-second  averages of t e m p e r a t u r e ,  s a l i n i t y ,  and f luorescence .  
T h i s  c r u i s e  t r a c k  is shown i n  g r e a t e r  d e t a i l  i n  f i g u r e  15. I n  t h i s  f i g u r e  
event" marks,  where loran posit ions were taken,  are shown as numbered x ' s  and 
each  do t  a long  the  c ru i se  t r ack  i s  the approximate midpoint of a 30-second aver- 
age .   Supe r f lux   s t a t ion   l oca t ions ,  times, observed   f ronts ,  and t h e   p o s i t i o n s  of 
s t a t i o n s  a l o n g  t h e  Rudee I n l e t  s e c t i o n  are a l s o  shown.  Measurements  of  tempera- 
t u r e ,  f l u o r e s c e n c e ,  and  computed s a l i n i t y  a l o n g  t h i s  c r u i s e  t r a c k  are shown i n  
f i g u r e  1 6 .  A s  i n  f i g u r e  15, each 30-second average i s  represented  by a d a t a  
p o i n t .   F r o n t a l   r e g i o n s  are c l ea r ly   ev iden t   ( even t s   14 ,   19 ,  and  28-29) and show 
t e m p e r a t u r e ,  s a l i n i t y ,  and f luorescence differences between the Bay plume  and 
ad jacen t  she l f  waters. 
11 
When d isp layed  on a T/S ( t empera tu re / sa l in i ty )  co r re l a t ion  d i ag ram ( r e f .  
111, comparisons between sal ini ty ,  temperature ,  and chlorophyl l  content  (as  
f luorescence)  can  be  made. To d o  t h i s ,  e a c h  30-second  averaged  value  of  fluor- 
escence w a s  i d e n t i f i e d  w i t h  i ts  as soc ia t ed  T/S class ( c l a s s  w i d t h  of 0.5OC and 
0.5 O/oo) .  The sum of a l l  f luorescence  va lues  in  each  T/S class w a s  then  
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normalized  against  the  grand  total  of  all  fluorescence  values.  The  total  num- 
ber  of  temperature,  salinity,  and  fluorescence  samples  for  each  T/S  class  was 
normalized  in a similar  way  to  determine  sample  distribution  in  T/S  space. 
Plots  of  both  results  are  shown  as  figures  17(a)  and  17(b)  with  T/S  classes 
which  sum  to  75%  of  all  fluorescence  or  samples  measured  enclosed  in a heavy
line  and  classes  which  total  50%  of  all  fluorescence  or  samples  measured  marked 
with a closed  circle  in  the  upper  right  corner.  In  both  cases,  the  predominant 
modes  representing  most  fluorescence  and  greatest  number  of  measurements  run 
from  6.5O,  22 O/oo to 4.5O, 28 O/oo. If  fluorescence-producing  material  were 
uniformly  distributed  over  the  study  area,  figure  17(a)  would  be a duplicate  of 
figure 17(b). The  difference  between  figures  17(a)  and  17(b)  is  presented  as 
figure  17(c)  and  shows  greater-than-uniform  fluorescence  in  the  modal  clgsses 
between  22  and  24 O/oo and  the  classes  between  25.5  and  28 O/oo with  greatest 
elevations  at  22  to  23 O/oo and  26.5  to  27.5 O/oo (classes  in  figure  17  (c) 
with  negative  values  have a large  bar  across  the  number).  These two groups  of 
classes  represent 19.88 and  10.29%  of  total  fluorescence  and  15.29  and  7.48% 
of  all  samples,  respectively.  The  fluorescence-depressed  class  within  the  75% 
mode  represents  19.83%  of  total  fluorescence  and  28.96%  of  all  samples.  This 
crude  analysis  suggests  two  populations  of  fluorescence-producing  materials 
associated  with  lower  (Bay)  salinities  and  higher  (shelf)  salinities. A more 
thorough  investigation  of  this  condition  can  be  accomplished  by  comparing 
results  of  remote  sensors  designed  to  measure  fluorescence  with  those  which 
measured  salinity.  Indeed,  the  next  reasonable  step  to  take  in  the  Superflux 
program  would  be a thorough  comparison  of  remotely  sensed  and  in  situ  data. 
CONCLUSIONS 
Previously  collected  data  show  the  response  of  the  Chesapeake  Bay  plume 
to  large  fluctuations  in  freshwater  discharge  and  variations  over a tidal  cycle. 
-Rapid  sampling  of  closely  spaced  stations  during  the  Superflux  experiments 
provided  information  on  the  vertical  character  of  the  Bay  plume  at  selected 
locations  and  indicated  fluctuations  in  width  and  depth  of  this  feature  over 
a tidal  cycle.  These  measurements  also  showed  that  the  surface  wind  stress  can 
easily  displace  the  plume  in a short  period  of  time.  Data  of  this  sort,  when 
coupled  with  remotely  sensed  data,  provide a third  and  fourth  dimension to 
information  on  the  spatial  and  temporal  character  of  features  such  as  the 
Chesapeake  Bay  plume.  Comparison  of  remotely  sensed  data  with  in  situ  measure- 
ments  is  the  next  logical  step  in  the  Superflux  program. 
118 
REFERENCES 
1. Beardsley,  R.  C.;  and  Hart, J.: A Simple  Theoretical  Model  for  the  Flow 
of an Estuary  onto  a  Continental  Shelf. J. Geophys.  Res.,  vol. 83, 
pp.  873-883,  1978. 
2. Bumpus, D. F.;  and  Lauzier,  L.  M.:  Surface  Circulation  on  the  Continental 
Shelf  off  Eastern  North  America  Between  Newfoundland  and  Florida. 
Serial  Atlas  of  the  Marine  Environment,  Folio 7, American  Geographical 
Society,  1965. 
3 .  Ruzecki, E. P.;  Welch, C. S.; Usry, J.; and  Wallace, J. W.: The  Use Of 
the  EOLE  Satellite  System  to  Observe  Continental  Shelf  Circulation. 
Eighth  Annual  Offshore  Technology  Conference, vel. 2, Paper no- 2592, 
pp.  697-708,  1976. 
4 .  Harrison,  W.;  Brehmer, M.  L.; and  Stone,  R. B.: Nearshore  Tidal  and  Non- 
tidal  Currents,  Virginia  Beach,  Virginia. U. S. Army  Coastal  Engineering 
Research  Center,  Technical  Memorandum  no. 5, 1964. 
5.  Stanley,  E. 14.: A  Two-Dimensional  Time-Dependent  Numerical  Model  Investi- 
gation  of  the  Coastal  Sea  Circulation  Around  the  Chesapeake  Bay  Entrance. 
Ph.  D.  Dissertation,  College  of  William  and  Mary,  1976. 
6. Gulbrandsen, L. F.: Baltimore  Harbor  and  Channels  Deepening  Study;  Hydrau- 
lic  Model  Boundary  Control  and  Data  Presentation. 
Report on file  at  U. S. Army  Engineer  Waterways  Experiment  Station, CE, 
Vicksburg,  Miss.,  and  U. S. Army  Engineer  District,  Baltimore,  Md.,  1979. 
7. Kuo, A .  Y., Ruzecki, E.  P.;  and  Fang,  C. S.: The  Effects  of  the  Agnes 
Flood on the  Salinity  Structure  of  the  Lower  Chesapeake  Bay  and  Conti- 
guous  Waters. The  Effects  of  Tropical  Storm  Agnes on the  Chesapeake  Bay 
Estuarine  System,  Chesapeake  Research  Consortium,  Inc.,  CRC  publication 
no. 54,  The  Johns  Hopkins  University  Press, pp. 81-103,  1976. 
8. Schubel,  J. R., Carter, H. H.;  and  Cronin,  W.  B.:  Effects  of  Agnes  on  the 
Distribution of  Salinity  Along  the Rain  Axis  of  the  Bay  and i  Contiguous 
Shelf  Waters.  The  Effects  of  Tropical  Storm  Agnes  on  the  Chesapeake  Bay 
Estuarine  System,  Chesapeake  Research  Consortium,  Inc.,  CRC  publication 
no. 54,  The  Johns  Hopkins  University  Press, pp. 33-65,  1976. 
9 .  Cumulative  Streamflow  into  Chesapeake  Bay.  Monthly  Summary  for  November, 
1980, U. S. Dept.  of  the  Interior, 1980. 
10. National  Ocean  Survey:  Tidal  Current  Tables 1980. Atlantic  Coast  of  North 
America.  U. S. Dept.  of  Commerce, NOM, 1979. 
11. Montgomery, R. B.: Characteristics  of  Surface  Water  at  Weather  Ship J. 
Deep-sea  Res.,  suppl.  to  vol. 3, pp.  331-334,  1955. 
1 1 9  
76'00' 7 5050' 7 5 040' 
(a) Nontidal residual configuration. 
1 3 7 . 7 0  00' 
36' 50' 
1 I 
76'00' 75 ' 50' . 75'40' 
Hypothesized flood  configuration. 
Figure 1.- Schematic representation of surface currents off  Cape  Henry 
and Virginia Beach, Va., showing nontidal residual and 
hypothesized ebb  and  flood configurations. 
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Figure 2.- Flood and ebb salinities at the  mouth of Chesapeake Bay on 
May 9 and 10, 1973. 
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Figure  3 . -  Enve lopes  r ep resen t ing  va r ious  f r ac t ions  o f  Bay water on t h e  
c o n t i n e n t a l  s h e l f  d u r i n g  March 18 and 19, 1967. 
Figure 4.- Frac t ions  of  Bay water on t h e  c o n t i n e n t a l  s h e l f  
1972,  15 days af ter  peak f looding from Tropical  
o n  J u l y  6-8, 
Storm Agnes. 
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Figure 5.- Fractions of Bay water on the  continental  shelf on August 
3 and 4, 1972, 41  days after peak flooding from Tropical 
Storm Agnes. 
WATER COLLECTION  SYSTEM 
WATER FLOW SYSTEM DATA COLLECTION  SYSTEM 
Figure 6 . -  Flow-through system used to collect temperature,  salinity, 
D.O., chlorophyll, and nephelometry data from  a  depth of 
1 m while cruising at 5 m/sec (10 kt). 
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Figure 7.- C r u i s e  t r acks  o f  R/V CAPT. J O H N  SMITH dur ing  Super f lux  
expe r imen t s .   Sec t iona l   da t a  were obtained  from  boxed 
r eg ions  on March 1 9 ,  June 24 ,  and  October 15 and 16,  1980.  
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Figure 8.- Average monthly streamflow into Chesapeake Bay f o r  t h e  months 
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Figure  9 . -  S t i c k  p l o t s  of winds a t  Norfolk,  Va. for  f ive-day  per iods  
p r i o r  t o  plume s e c t i o n  sarnp'ling  on  March 19,  June 2 4 ,  and 
October 15 and  16, 1980. North is  t o  the   top   o f   the   page  
and s t i c k s  p o i n t  i n  t h e  d i r e c t i o n  t h e  wind w a s  blowing. 
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F i g u r e  10.- S a l i n i t y  d i s t r i b u t i o n  o f f  Rudee I n l e t  o n  March 19,  1980.  
F i g u r e  11.- S a l i n i t y  d i s t r i b u t i o n  o f f  Rudee I n l e t  o n  J u n e  2 4 ,  1980. 
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( a )  Bay mouth. 
(b) V i r g i n i a  Beach. 
F igu re  1 2 , -  S a l i n i t y  structure across t h e  Bay mouth and o f f  Virginia 
Beach on October 1 5 ,  1980. Ro ta t ion  of each sect ion w i t h  
r e s p e c t  t o  the time axis i n d i c a t e s  time e l apsed  during 
sampling. Dashed l i n e s  indicate secchi depth .  
(a) Bay mouth, (b) Virginia  Beach. 
Figure 13 , -  S a l i n i t y  structure acros6 Bay mouth and o f f  Virginia  
Beach f o r  October 26, 1980. 
Figure 14.- Example of analog  records of conductivity,  temperature, 
fluorescence, and nephelometry obtained from the flow- 
through  system (fig. 6) June 27, 1980. 
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Figure 15.- Detailed  cruise track of R/V CAPT.  JOHN SMITH on 
March 19, 1980. 
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Figure 16.- Temperature,  salinity, and fluorescence  data  obtained  along 
cruise  track  shown in figure 15. 
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(b) Samples  measured. . 
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(c) Difference  between (a) and (b). 
Figure 17.- Temperature/salinity  correlation diagrams showing percent of 
total fluorescence, percent of  samples  measured, and their 
difference  for temperature, salinity, and fluorescence data 
displayed in figure 16. 
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